Objective: Recent studies have shown an in¯uence of the calcium-sensing receptor variant A986S on the serum calcium concentration, suggesting that this genetic variant could be a candidate for various bone and mineral disorders. The intention of this study was therefore to investigate the frequency of the described calcium-sensing receptor variants A986S, R990G and Q1011E in patients with primary hyperparathyroidism to test the hypothesis as to whether these variants represent risk factors for the development of primary hyperparathyroidism. Design: Fifty patients with primary hyperparathyroidism were included in the study. One hundred and two healthy blood donors served as controls. Methods: Detection of the genetic variants A986S, R990G and Q1011E was done by direct sequencing of exon 7 of the calcium-sensing receptor in leucocyte DNA. Results: The heterozygous variant A986S was found in 34% (17 of 50) of the healthy age-and sexmatched controls and 40% (20 of 50) of the patients with primary hyperparathyroidism. This difference was not statistically signi®cant P 0X68X However, in male patients the heterozygous variant A986S was found more frequently (67%, 6 of 9) than in male controls (20%, 2 of 10, P 0X07). The variants R990G and Q1011E were found less frequently (8±20%) in patients and controls without signi®cant differences between the groups. Patients with the heterozygous variant Q1011E had signi®cantly higher serum calcium and parathyroid hormone levels than patients with the wild-type variant P , 0X01X There was no correlation of serum calcium (total and corrected for albumin) with the calcium sensing receptor variant A986S in 102 healthy blood donors P 0X45X Conclusions: The calcium-sensing receptor variants do not, therefore, seem to be major genetic determinants for the development of primary hyperparathyroidism. The variant A986S may possibly represent a risk factor for the development of parathyroid neoplasia in men. Moreover, the presence of the genotype Q1011E might in¯uence the clinical course of the disease. The previously reported signi®cant correlation of serum calcium levels with the genetic variant A986S in healthy subjects could not be con®rmed.
Introduction
The extracellular calcium concentration is regulated by the calcium-sensing receptor (CaSR) which was cloned in 1993 (1) . This receptor belongs to the family of G protein-coupled receptors (family C). Agonists of this subgroup of G protein-coupled receptors are small molecules, e.g. amino acids and ions, which are present in the extracellular compartment. In the parathyroid glands, binding of calcium to the receptor activates phospholipase C and results in an increase of intracellular calcium via accumulation of inositol-1,4,5-phosphate. Furthermore, cyclic AMP is reduced via inhibition of adenylate cyclase. These mechanisms lead to a reduction of parathyroid hormone secretion and subsequent gene expression (for review see 2).
Patients with homozygous inactivating mutations of the CaSR show severe hypercalcemia due to hyperparathyroidism as well as marked hyperplasia of the parathyroids. Heterozygous inactivating mutations of the CaSR cause benign hypocalciuric hypercalcemia. Patients with this disease show a mild hypercalcemia, a low urinary calcium concentration, normal or mildly elevated levels of parathyroid hormone and mild hyperplasia of the parathyroids (2) . However, only recently, in individuals of a large kindred with familial hypercalcemia and a heterozygous mutation of the CaSR, more pronounced alterations such as hypercalciuria, a history of kidney stones, and parathyroid adenomas as well as nodular hyperplasia were reported (3) . It can therefore be assumed that impaired CaSR function directly or indirectly affects proliferation of the parathyroid cells.
Inactivating mutations of the CaSR have been found in the extracellular, transmembrane and the intracellular part of the receptor (4) . They result in reduced binding of calcium and subsequent changes in signal transduction. Furthermore, it could be shown that a truncating mutation within the intracellular part of the CaSR results in reduced af®nity for calcium and co-operativity for calcium-dependent activation (5) .
Apart from mutations in the CaSR, several polymorphisms within the intracellular region have been described (4) . They lead to non-conservative exchanges of single amino acids (A986S, R990G, Q1011E). In a prospective study of young healthy women, Cole and coworkers (6, 7) found a signi®cant correlation for the genetic variant A986S with the serum calcium concentrations (total and ionised calcium, as well as calcium corrected for albumin). Therefore, the variant A986S was proposed as a determinant of the extracellular calcium concentration. However, it is not known whether this genetic variant could predispose to disorders of mineral and bone metabolism. Since the calcium levels of the subjects with the heteroand homozygous variants AS and SS respectively had higher calcium levels than the subjects with the wild-type variant AA (6, 7) it could be assumed that the exchange within the carboxy-terminal domain of the calcium-sensing receptor may in¯uence expression and/or activation of the receptor negatively leading to slightly higher serum calcium concentrations. Subsequently, parathyroid hormone secretion dynamics could be altered and parathyroid cell proliferation could proceed more readily. The latter two sequela may be risk factors for the occurrence of somatic mutations and subsequent clonal cell proliferations within the parathyroids leading to primary hyperparathyroidism (pHPT).
The intention of this study was therefore to investigate the frequency of the CaSR variants A986S, R990G and Q1011E in patients with pHPT to test the hypothesis as to whether these genetic variants could contribute to the development of parathyroid neoplasia. Furthermore, we wanted to investigate whether we could con®rm the correlation of the serum calcium concentration with the genetic variant A986S as demonstrated by Cole et al. (6, 7) .
Subjects and methods

Subjects
Fifty patients, all Caucasians, with pHPT (41 females and 9 males, mean age 62X6^9 years) referred consecutively for parathyroidectomy, were included in the study. The morning before the operation blood was collected for determination of total calcium, albumin (kresolphthalein, bromkresolgreen, HITACHI 917; Roche Diagnostics, GmbH, Mannheim, Germany), ionised calcium (ion-selective electrode; AVL, Mannheim, Germany) and intact parathyroid hormone (IMMULITE intact parathyroid hormone enzyme immunometric assay; Diagnostics Products Corp. (DPC) Biermann, Bad Nauheim, Germany) as well as for extraction of leucocyte DNA.
None of the patients with pHPT had clinical evidence of other endocrinopathies or a family history of any manifestations of multiple endocrine neoplasia type 1 or type 2. A parathyroid adenoma was found in 41 and parathyroid hyperplasia in 9 cases. The diagnosis of parathyroid adenoma or hyperplasia respectively was made by histological analysis. Criteria for a parathyroid adenoma are evidence of a capsule, almost complete absence of fat cells, and normal non-hyperplastic parathyroid tissue at the rim or in other removed parathyroid glands (8) .
According to prior statistical power calculations a number of at least 94 subjects would be necessary to detect differences of 0.03 mmol/l in serum calcium concentrations (assuming a standard deviation of 0.1 mmol/l, a 0X05 and b 0X1). The mean difference of corrected serum calcium concentrations between subjects with the CaSR variants AA and AS respectively, obtained by Cole et al. (6) , was approximately 0.07 mmol/l. Therefore, 102 healthy subjects were recruited from blood donors to serve as a control group for testing the correlation of serum calcium with the genetic variant A986S (all Caucasians, 46 females and 56 males, mean ages: females, 54X9^12X4 years; males, 39X5^12X6 years). Blood was obtained for measurement of total calcium and albumin as well as for extraction of DNA. We used total calcium concentrations corrected for the mean albumin concentration of 42.2 g/l for statistical analysis because measurement of ionised calcium under strictly anaerobic conditions which could not always be guaranteed during asservation and transport of the samples to the laboratory.
Fifty age-and sex-matched subjects of the 102 blood donors (40 females, 10 males, mean age 58X3^9 years) served as the control group for comparing the frequencies of the genetic variants with patients with pHPT. Informed consent was obtained from all patients and healthy control subjects participating in the study. The study was approved by the Ethical Committee of the University of Leipzig.
Genetic analysis
Leucocyte DNA was extracted using the QIAamp blood kit (Qiagen, Chatsworth, CA, USA). DNA (100 ng) was ampli®ed in a 50 ml PCR with the Prime Zyme PCR Kit (Biometra, Go Èttingen, Germany) and 200 nmol/l of forward and reverse primer according to the manufacturer's protocol. Approximately 50 ng of the PCR product was used for direct sequencing with the Applied Biosystems PRISM dye terminator cycle sequencing ready reaction kit (Perkin Elmer Applied Biosystems, Foster City, CA, USA). If a sequence variation was detected, PCR and sequencing reaction were repeated with the DNA for con®rmation of the genetic variation.
Statistical analysis
Chi-square test and Fisher's exact test (for allele frequencies of less than ®ve) were used to compare the occurrence of the different allelotypes of the variants A986S, R990G and Q1011E in patients and control subjects. The wild-type variants are referred to as AA (for A986S), RR (for R990G) and QQ (for Q1011E). Heterozygous and homozygous variants are named AS and SS (for A986S), RG and GG (for R990G) and QE and EE (for Q1011E). Furthermore, we applied a multivariate logistic regression analysis to test the predictive value of the variables, age, gender and genotype, to correctly classify subjects as patients (group 1) or healthy probands (group 2).
Multivariate linear regression analysis was applied to identify determinants of the serum calcium concentration in the healthy controls n 102X Analysis of variance (one-way ANOVA) was performed to test statistical differences between means of three or more groups. Unpaired t-tests were used to test differences between two groups.
For statistical analysis by one-way ANOVA, total serum calcium concentrations (calcium total ) of the control subjects n 102 were corrected for the mean albumin concentration of 42. 
Results
The heterozygous and homozygous genetic variant A986S was found in 40% (20 of 50) of the patients with pHPT (AS in 40%, SS in 0%) and in 34% (17 of 50) of the healthy age-and sex-matched subjects (AS in 30%, SS in 4%). Because of the low frequencies of SS (0 and 4% respectively) patients and controls were divided into two groups for further statistical analysis according to the presence or absence of the allele S (AA vs AS and SS). The difference of the allele frequencies in patient vs control group was not statistically signi®cant P 0X68X The frequencies of the allelotypes AA, AS and SS in all tested healthy subjects n 102 were 71.5%, 25.5% and 3% respectively. The latter allelotype frequencies showed a trend towards a higher occurrence of the variant A986S in patients with pHPT which is, however, not statistically signi®cant (P 0X2Y Table 1 ).
Moreover, we studied the frequencies of the different allelotypes separately for female and male patients (females, n 41; males, n 9) and controls (females, n 40; males, n 10). Surprisingly, the allelotype A986S was found more often in male patients compared with matched male controls P 0X07 whereas female patients and controls showed similar distributions of the genetic variants AS and SS P 0X65X Comparison of the frequencies of the allelotypes AS and SS in male patients n 9 and all male controls n 56 con®rmed the above result at a signi®cant level P 0X03X However, the group of male patients with pHPT was too small to draw clear conclusions.
Multivariate logistic regression analysis (dependent variable: group; independent variables: age, sex, genotypes) did not reveal a signi®cant in¯uence of Table 1 Mean age and relative frequencies of the genetic variant A986S for patients with pHPT and healthy controls. The frequencies of the allelotypes are listed separately for female (patients: n 41Y controls: n 40) and male (patients: n 9Y controls: n 10) subjects. any of the three genetic variants on the variable group (1 diseased, 2 healthy) testing all subjects. Only the variable age was included in the regression model. However, testing age-and sex-matched subjects separately showed a signi®cant predictive value of the variable A986S in men P 0X05Y supporting the above-mentioned observation of a higher frequency of the variant A986S in male patients compared with controls.
Mean age in years A986S
In patients with pHPT, the genotype A986S was not associated with any clinical parameters (calcium total , calcium ionised , intact parathyroid hormone (iPTH), age, symptoms; Table 2 ). However, patients with the genotype RG (R990G) were signi®cantly older than patients with the wild-type variant. Patients with the genotype QE vs QQ (Q1011E) showed signi®cantly higher total serum calcium concentrations as well as higher parathyroid hormone levels. Ionised serum calcium levels were, however, not statistically different between the two genotypes (Table 3) .
There was no difference in the relative frequencies of the polymorphism A986S in patients with a solitary adenoma compared with patients with parathyroid hyperplasia (AS in 33% of patients with hyperplasia (3 of 9) and in 41.5% of patients with a solitary adenoma (17 of 41), P 0X6). Furthermore, frequencies of the histological diagnoses for the different genetic variants of R990G and Q1011E were not different either (P 0X09 and 0.16 respectively).
Cole et al. (6) reported evidence of linkage disequilibrium for A986S with both adjacent genetic loci R990G P 0X045 and Q1011E P 0X028X However, although in our data set there seems to be a tendency towards a linkage disequilibrium between the loci A986S and the adjacent loci R990G or Q1011E this difference was not statistically signi®cant (P between 0.14 and 0.7, tested for all individuals and patients and healthy probands separately, Table 4 ).
Comparison of the frequencies of the genetic variants R990G and Q1011E which occurred less often revealed no signi®cant differences between patients and normal subjects ( Table 5 ). Because of the rare occurrences of the homozygous variants GG (0±6%) and EE (0%) the frequencies of the heteroand homozygous polymorphisms (RG, GG and QE, EE) were added for statistical analysis (Chi-square and Fisher's exact tests). Whereas, in the control group, the frequencies of the variants QQ, QE and EE were comparable with those reported by Cole and others (6) the frequencies of the allelotypes RR, RG and GG, reported here, were slightly different. Thus, the variants RG and GG occurred less frequently than in the Canadian study (13.7% vs 21.5%).
Furthermore, we tested whether the genotype A986S correlates with total and corrected serum calcium concentrations as recently reported by Cole and others (6, 7) . Corrected serum calcium concentrations were calculated for 102 normal subjects. Analysis of the calcium levels in view of the genotype A986S (AA, AS, SS) by one-way ANOVA was not signi®cant (P 0X45Y Fig. 1 ). The calculated mean corrected calcium levels of the subjects with the allelotype AA n 73 were 2.39 mmol/l, with AS 2.41 mmol/l n 26 and with SS 2.45 mmol/l n 3Y which indicates a tendency towards higher calcium levels in subjects with the genotype AS and SS. However, summarizing the allelotypes AS and SS for analysis with an unpaired t-test (AA vs AS and SS) did not show signi®cant differences between the genotypes P 0X26X Comparison of the total serum calcium concentrations between individuals with different allelotypes of A986S revealed no statistically signi®cant differences either. Calculated separately for men and women respectively, for corrected calcium levels the same tendencies but no signi®cant differences were observed. Although the male controls had signi®cantly higher levels of total serum calcium than the female controls this phenomenon could be observed for all three allelotypes of A986S. This was very likely due to different albumin levels, as they were signi®cantly higher in men and the differences in total serum calcium levels between men and women could not be con®rmed for corrected serum calcium concentrations. Vice versa, we tested whether higher calcium levels correlated with a higher frequency of the hetero-or homozygous variant A986S. All subjects were divided into three groups with low n 35Y intermediate n 32 and high calcium levels n 35X In the`low calcium' group, the variants AS and SS were both found in 7 out of 35 people, in the`high calcium' group this genetic variant was detected in 13 out of 35 people. However, this difference was not statistically signi®cant P 0X11X
Moreover, we tested the in¯uence of the variables albumin, age, sex, and the different genotypes A986S, R990G and Q1011E on the serum calcium concentration with a multivariate linear regression analysis. Albumin and age but not the genotypes A986S, R990G or Q1011E were found to in¯uence the serum calcium concentration at a highly signi®cant level (P , 0X005Y Table 6 ).
Discussion
The recently described association of the CaSR variant A986S with higher serum calcium levels in healthy women (6, 7) raises the question as to whether this genetic variant could represent a risk factor for the development of diseases of mineral and bone metabolism. The intention of this study was to test the hypothesis as to whether the presence of the genetic variant A986S within the intracellular domain of the calcium-sensing receptor predisposes to benign 
www.eje.org parathyroid neoplasms. The variant A986S was found in 40% of the patients with pHPT and in 34% of the age-matched control group. This difference was not statistically signi®cant. The frequency of this genetic variant in all healthy subjects tested was lower than in the age-matched group (28.5%). Others (6, 7, 10) have found the variant A986S in 29% of healthy women. Therefore, although a trend towards a higher frequency of the variant A986S in patients with pHPT compared with healthy subjects has been observed, this genetic variant does not seem to be a major risk factor for the development of primary parathyroid neoplasia. Analysis of the allelotype occurrences of A986S for men and women separately reveals a strong trend towards higher frequencies of the genetic variants AS and SS in male patients with pHPT compared with controls (67% vs 20%). This may indicate that the CaSR variant A986S could be a risk factor for the development of parathyroid adenomas in men but not in women. Furthermore, the result suggests a different pathophysiology of pHPT in men and women which would be consistent with the well-known gender differences regarding the incidence of parathyroid neoplasia (11) . However, due to the rare occurrence of pHPT in men it will be dif®cult to further con®rm this result.
Analysis of the clinical data of the patients with the receptor variant A986S did not reveal signi®cant differences compared with patients with the wildtype variant. The presence or absence of the allelotype AS therefore does not in¯uence the course or the symptoms of pHPT. However, patients with the genotype RG (R990G) were signi®cantly older, and total serum calcium as well as parathyroid hormone levels were signi®cantly higher in patients with the genotype QE (Q1011E). This may point to an in¯uence of the latter genetic variants on the clinical progression of the disease. It should be noted, however, that these results require further con®rma-tion due to the rare occurrences of the latter genotypes n 4±6X Others, however, found an association of lower parathyroid hormone levels with the genotypes RG and GG in Japanese patients with pHPT where this genetic variant occurs much more frequently than in our study group. Different ethnic and genetic backgrounds of the patients investigated may, at least partly, account for the discrepant results.
Are there other genetic variations which could predispose to parathyroid neoplasia? Previous studies investigated genetic polymorphisms within intron 8 (Bb, Aa) and exon 9 (Tt) of the vitamin D receptor (VDR). Presence of the restriction sites was denoted as bat, absence as BAT (12) . The incidence of the genotype baT was signi®cantly higher in patients with sporadic pHPT compared with age-matched controls. The authors suggested that the baT genotype could be responsible for a reduced VDR expression or function whereby an impaired antiproliferative effect and reduced inhibition of parathyroid hormone gene transcription could ensue. However, further studies could not reproduce these results (13, 14) .
Other studies investigated the role of estrogen receptor or of parathyroid hormone gene variants as risk factors for the development of pHPT. Carling et al. Therefore, there does not seem to be a single genetic polymorphism which clearly represents a major risk factor for the development of pHPT. However, it is possible that the presence of two or more genetic variations such as the VDR polymorphism bb and the CaSR polymorphism AS may indeed increase the risk for the development of pHPT. It is well known that the presence of functioning VDRs and calcium-sensing receptors represent major determinants for parathyroid hormone secretion and cellular proliferation. In parathyroid cells expressing these two genetic variants a slightly altered regulation of parathyroid hormone secretion and susceptibility to proliferative stimuli could ensue. In response to calcium and/or vitamin D de®ciency these genetic variants may lead to a more pronounced proliferation within the parathyroids. This may subsequently trigger somatic mutations and clonal cell expansions.
Furthermore, we have investigated the recently described linkage disequilibrium of the genotype A986S to the adjacent loci R990G and Q1011E as well as the association of the CaSR variant A986S with higher serum calcium levels in healthy subjects (6) . Although the relative absence of double heterozygotes points to a linkage disequilibrium, this effect could not be con®rmed at a signi®cant level. Moreover, whereas the mean values of corrected serum calcium levels were slightly higher in subjects with the genotypes AS or SS, this difference was not statistically signi®cant. Therefore, from this study it cannot be concluded that the A986S polymorphism represents a major genetic determinant of the extracellular calcium concentration.
The discrepant results could be due to several reasons. First, different genetic backgrounds of the groups investigated may have in¯uenced the results. Second, in our study very small differences could be masked by the selection of a relatively heterogeneous control group of male and female subjects of different age groups and, presumably, a different sex steroid status of the women investigated. In particular, the mean age of the women in our group is clearly different from the groups characterized by other authors (6, 7, 10) . However, men and women in our control group did not differ signi®cantly with respect to their corrected serum calcium levels. Third, the differences between the corrected serum calcium concentrations of subjects with the variants AA and AS may be too small to be con®rmed at a signi®cant level in our study. The overall frequencies of the polymorphism A986S in this study were similar to those reported by others (6, 7, 10) . However, in a Japanese population much lower frequencies of the genotypes AS and SS of codon A986S (AS in 3% and SS in 0%) were reported, suggesting in¯uences of a different genetic and ethnic background (17) .
In vitro functional characterization of the CaSR variants is underway to gain further insights into its consequences for the regulation of extracellular calcium concentration.
